Amphibian tadpoles display extensive anti-predator phenotypic plasticity, reducing locomotory activity and, with chronic predator exposure, developing relatively smaller trunks and larger tails. In many vertebrates, predator exposure alters activity of the neuroendocrine stress axis. We investigated predator-induced effects on stress hormone production and the mechanistic link to anti-predator defences in Rana sylvatica tadpoles. Whole-body corticosterone (CORT) content was positively correlated with predator biomass in natural ponds. Exposure to caged predators in mesocosms caused a reduction in CORT by 4 hours, but increased CORT after 4 days. Tadpoles chronically exposed to exogenous CORT developed larger tails relative to their trunks, matching morphological changes induced by predator chemical cue; this predator effect was blocked by the corticosteroid biosynthesis inhibitor metyrapone. Tadpole tail explants treated in vitro with CORT increased tissue weight, suggesting that CORT acts directly on the tail. Short-term treatment of tadpoles with CORT increased predation mortality, likely due to increased locomotory activity. However, long-term CORT treatment enhanced survivorship, likely due to induced morphology. Our findings support the hypothesis that tadpole physiological and behavioural/morphological responses to predation are causally interrelated. Tadpoles initially suppress CORT and behaviour to avoid capture, but increase CORT with longer exposure, inducing adaptive phenotypic changes.
Introduction
Environmental factors impacting the fitness of organisms generally vary in time and space, and this variation often creates mismatches between the phenotype and the environment. Moreover, in many cases this variation occurs on time scales that are not conducive to constitutive evolutionary responses. Consequently, most organisms exhibit some capacity to refashion the phenotype during the life cycle to reduce the mismatch between the phenotype and environment. Interest in such phenotypic plasticity has increased markedly in ecology and evolution recently, and many studies have shown that this plasticity can be adaptive, incur costs and have large consequences at the population and community levels [1] [2] [3] [4] [5] [6] [7] . However, few studies have explored the modulation of such responses from perception of the environmental condition, through physiological mechanisms, to fitness consequences. This is a critical gap in our knowledge, as a more mechanistic understanding of such responses will enable a better understanding of their evolution and the constraints on this evolution. Moreover, understanding the mechanistic underpinnings of phenotypic plasticity can uncover trade-offs not apparent from investigations that simply demonstrate a relationship between an environmental agent and a phenotypic response.
For example, the mismatch between phenotype and environment is often manifest at the organismal level by physiological stress responses that can shape an organism's phenotype, making the physiological stress response a candidate proximate mechanism underlying phenotypic plasticity [8] . In vertebrates, many stressors lead to activation of the neuroendocrine stress axis, increasing circulating levels of corticosteroids (e.g. corticosterone, CORT), which direct energy & 2013 The Author(s) Published by the Royal Society. All rights reserved.
expenditure away from less critical activities and boost survival responses in the face of an acute stressor [9, 10] . However, when a stressor is chronic, many of these actions become damaging, and, therefore, organisms must balance responding adaptively to survive a stressor in the short-term and contending with the long-term consequences of a chronic stress response. It is of considerable interest then to understand how organisms modulate phenotypic responses to stress over time, and to what extent these responses are adaptive.
A ubiquitous environmental challenge for most organisms is the presence of predation risk [11] [12] [13] [14] , and this risk has sometimes been shown to activate [15 -18] or suppress [19] the neuroendocrine stress axis. Predator presence or density can fluctuate widely in many systems, and studies of many taxa have demonstrated physiological, behavioural and morphological phenotypic plasticity to the presence of predators. For example, larval amphibians have been used as a model system for examining phenotypic plasticity induced by predator presence and the consequences to their interactions with other species [20] [21] [22] [23] [24] . Tadpoles are able to detect the presence of predators using visual and chemical cues [20, 25, 26] , and in response modify their behaviour and morphology [27 -29] in ways that increase fitness under high predation risk [30] . Chronic exposure to predator chemical cue results in a relatively smaller trunk and larger tail [31, 32] that can confer enhanced burst locomotion for escape, and may deflect predator strikes from the more vulnerable trunk [31, 33] . However, the specific interactions among predator presence, stress physiology, and effects on fitness correlates are poorly understood in this and many other systems.
In this study, we tested the hypothesis that chemical cues of predation risk modulate the amphibian tadpole neuroendocrine stress axis, and that expression of morphological anti-predator defences is mediated by CORT. We used field studies to show that naturally occurring variation in predator densities in ponds is positively correlated with whole-body CORT content in Rana sylvatica tadpoles. In mesocosm and laboratory experiments, we found that exposure of tadpoles to predator chemical cue caused a biphasic response in CORT content, with a decrease in the short term (hours; as shown previously; [19] ), but an increase with chronic exposure (days). We provide compelling evidence based on in vivo and in vitro experiments that the elevated CORT is the proximate mechanism for expression of the anti-predator body morphology. Furthermore, we show that the effects of CORT on fitness (survival) depend on the timing and the duration of hormone exposure: short-term treatment decreased survivorship, likely due to increased locomotory activity and thus exposure to predators, whereas long-term treatment increased survivorship, likely due to the morphological response. Our findings provide important insight into the connections between environment, physiological response, and resulting phenotypic plasticity and fitness consequences in a model ecological system.
Material and methods (a) Animals
For the following experiments, we collected R. sylvatica egg masses or tadpoles from natural ponds on the University of Michigan's E.S. George Reserve (ESGR) in Livingston Co., Michigan.
(b) Relationship between baseline tadpole whole-body corticosterone content and predator density in natural ponds
We collected R. sylvatica tadpoles at Gosner stages 27-30 [34] from 10 natural ponds on the ESGR that historically contain consistent R. sylvatica populations and represent a range of pond sizes and environmental characteristics (four were closedcanopy ponds and six were open-canopy; [35] ). Tadpoles were flash frozen in test tubes immersed in an ethanol-dry ice bath within 2 min of capture. Two to three tadpoles (approx. 100 -200 mg body weight, BW) were pooled to generate a sample for CORT analysis (described below), and ten replicate samples were collected from each pond. Within a week, we also sampled the ponds as part of a long-term survey of the tadpole and tadpole predator community [35] . Biomass per square metre of potential predators of tadpoles in these ponds (adult newts, adult and larval dytiscids, larval hydrophylids, adult belostomatids and larval aeshnids) was used as a measure of predation pressure; these predators are largely present in ponds well before amphibian egg masses are deposited in the spring. Potential competitors (tadpoles of all species) and snails ( potential source of trematode parasites) were also sampled and lengthweight regressions calculated to estimate biomass per square metre (see [35] for details). We conducted regression analyses using whole-body CORT content as the dependent variable and predator, competitor or snail biomass as the predictor; each data point was a pond. We used the software package SPSS v. 16.0 (SPSS Inc., Chicago, IL, USA) here and for subsequent experiments for statistical analysis, unless otherwise noted. All data for this and the following studies are archived in the Dryad repository (doi:10.5061/dryad.1kf76).
(c) Effect of non-lethal predator presence on tadpole whole-body corticosterone content
We established 20 outdoor experimental mesocosms consisting of 1000 l tanks filled with well water, 200 g of leaves ( primarily Quercus) for substrate, a 4 l aliquot of pond water for zooplankton and periphyton colonization and 15 g of rabbit chow as an initial food source [36] . We collected six R. sylvatica egg masses to hatch in a stock pool, from which 40 free-swimming tadpoles were haphazardly chosen and placed into each experimental mesocosm. Each mesocosm was randomly assigned to one of two treatments: no predator (control) or non-lethal predator presence, each replicated 10 times. Predator treatment tanks received three cages each containing one late-instar dragonfly larva (Anax sp.); the no predator treatments received empty cages. Predators were fed approximately 0.3 g of live R. sylvatica tadpoles three times per week to produce predator chemical cue [26, 37] ; empty predator cages in control tanks were similarly manipulated to simulate disturbance caused by feeding. On day 25 of the experiment, four tadpoles were collected from each of the experimental tanks, pooled into two samples, and immediately flash frozen for later analysis of baseline wholebody CORT content by extraction and radioimmunoassay (RIA; described below). To determine whether tadpole environment influenced whole-body CORT content after metamorphosis (a possible carry-over effect), we sampled newly metamorphosed frogs. The remaining tadpoles with tail stubs at or less than 50 per cent of their snout -vent length were collected from tanks and placed into plastic containers maintained in the laboratory to finish metamorphosis. Once metamorphosis was complete (tail stub completely resorbed, 2 -3 days following removal from the tank), two metamorphic frogs originating from each tank were pooled and immediately flash frozen for baseline CORT rspb.royalsocietypublishing.org Proc R Soc B 280: 20123075 analysis (n ¼ 10 per treatment). To investigate whether the metamorphic frog stress response was influenced by prior exposure to predator chemical cue as a tadpole, an additional two metamorphic frogs from each tank were subjected to a confinement stressor ( placed into a 16.5 Â 15 cm plastic zip-top bag) for 90 min [38] , after which they were pooled by tank and flash frozen for subsequent CORT analysis (n ¼ 10 per treatment).
For statistical analyses, tank was used as the experimental unit, and independent-samples t-tests were used to determine effects of predator chemical cue on tadpole baseline whole-body CORT content and BW at metamorphosis. To determine if exposure to predator chemical cue influenced baseline or stressor-induced whole-body CORT content of juvenile frogs, we used a one-way ANOVA with CORT as the dependent variable, and larval treatment and stress measure as fixed factors.
(d) Time course of the corticosterone response to predator chemical cue
We filled 20 outdoor wading pools (200 l capacity) with well water, and covered them with shade cloth to prevent colonization by other organisms. Ten pools received a caged late-instar dragonfly larva (non-lethal predator treatment), and ten received an empty cage (control treatment). Fifteen partial R. sylvatica egg masses were collected from a single pond and allowed to hatch in a stock pool. We haphazardly chose five Gosner stage 27 tadpoles for each of 100, 1.5 l plastic containers. We added 3 -4 g rabbit chow (Purina) to each container to provide sufficient food for the 8-day experimental period, topped the containers with screen mesh to allow for water exchange and placed five containers into each of the wading pools immediately after feeding the caged dragonfly larvae three live tadpoles to produce predator chemical cue. The dragonfly larvae feeding/cage manipulation was continued every day thereafter. Tadpoles were housed in individual containers to eliminate sampling bias and reduce disturbance (i.e. dip-netting would have induced a scatter response in the tadpoles, and may have resulted in a non-random sample with respect to behaviour). At 4 h, 1, 2, 4 and 8 days following initiation of the experiment one container of tadpoles was removed from each tank for analysis; technical problems resulted in the loss of the 2 day sample. Tadpoles were immediately flash frozen as described above and pooled (two animals per pool) for CORT analysis (n ¼ 20 per treatment). We used ANOVA to test for differences between the two treatment groups across the sampling time points.
(e) Effect of chronic exposure to predator chemical cue, corticosterone or the corticosteroid biosynthesis blocker metyrapone on tadpole body morphology Ten R. sylvatica egg masses collected from a single pond were hatched in outdoor wading pools. When tadpoles reached Gosner stage 26, 12 animals were haphazardly chosen and transferred to 10 l plastic tanks (37 Â 23.5 Â 13 cm) filled with 8 l of aged well water. The tanks were maintained in the laboratory at a temperature of 22 -238C on a 14 L : 10 D cycle; tadpoles were fed rabbit chow ad libitum. Treatments were added to the tank water and consisted of predator chemical cue (Pred; see below), predator chemical cue þ the corticosteroid biosynthesis blocker metyrapone (MTP; Aldrich Chemical Co.; Pred þ MTP), CORT (Sigma Chemical Co., St Louis, MO, USA) or control; each treatment was replicated 16 times and tanks were randomly assigned to treatments.
To produce water conditioned with predator chemical cue, late-instar dragonfly larvae were housed individually in 1 l containers filled with 0.5 l water and allowed to feed on 2 -3 live R. sylvatica tadpoles for a 2 -3 h period. Water was decanted and strained for use as predator chemical cue, and prepared fresh before each experiment by pooling water from 12-18 dragonfly containers. A 50 ml aliquot of the conditioned water was then added to each of the treatment tanks. The CORT was dissolved in 100 per cent ethanol and added to tanks to produce a final concentration of 125 nM; this concentration of CORT elevates whole-body CORT content by approximately 35 per cent, which is within the physiological range [39] . The MTP was also dissolved in 100 per cent ethanol and added to tanks for a final concentration of 110 mM that can reduce whole-body CORT content by two thirds in tadpoles [40] . Control tanks received a 50 ml aliquot of unconditioned water (vehicle control) plus 100 per cent ethanol added to a final concentration of 0.0005 per cent (to match the final concentration of ethanol in the hormone treatments). Treatments were maintained for 14 days, with water changes and fresh predator chemical cue, CORT or MTP added every other day.
At the termination of the experiment, four tadpoles from each of the 16 tanks per treatment were haphazardly chosen for morphological analysis and preserved in formalin (64 tadpoles total per treatment; the sample was the tank mean for n ¼ 16 per treatment). Six tadpoles from each of the 16 tanks per treatment were flash frozen for hormone analysis (described below; 96 tadpoles total per treatment; the sample was the tank mean for n ¼ 16 per treatment). We observed very low mortality: only two of 768 tadpoles died during the experiment, one from the Pred þ MTP treatment and one from the Pred treatment. These tadpoles were not replaced.
Formalin-preserved tadpoles were photographed using a digital camera (FujiFilm FinePix S1 Pro, Nikon AF MicroNikkor 60 mm 1 : 2.8 D lens) mounted on a camera stand for morphological measurements. Trunk length, trunk width, tail length, and tail depth were measured using IMAGE J v. 1.36b (National Institutes of Health, Bethesda, MD, USA) using the landmarks described by Relyea [20] . Morphological measurements were corrected for BW and the residuals used in statistical analysis. Measurements from tadpoles housed in the same tank were averaged, and the resulting replicate mean was used as the experimental unit in ANOVA to assess differences among treatments.
(f ) Effect of one week corticosterone treatment in vitro on tadpole tail explant weight
We prepared tail explants from tadpoles of Xenopus laevis and cultured them in the presence or absence of CORT as described by Bonett et al. [41] . This experiment was conducted outside of the season when R. sylvatica tadpoles were available, so we used a laboratory colony of X. laevis. Briefly, tadpole tails were cultured for one week in six-well plates containing amphibian strength Dulbeco's Modified Eagle's Medium (DMEM; Gibco BRL; diluted 1 : 1.5). The cultures were maintained at 258C in a sterile, humidified atmosphere of 5 per cent CO 2 and 95 per cent O 2 with gentle rotation (50 r.p.m.). The CORT was dissolved in 100 per cent EtOH and added to DMEM to a final concentration of 100 or 500 nM. The final concentration of EtOH in all wells, including the controls was 0.001 per cent. The medium with fresh hormone was replenished every 12 h. At the end of the experiment we blotted the tails on paper towels, weighed them and then dried them in a drying oven for one week before recording the final dry weight.
(g) Effect of corticosterone or metyrapone on tadpole survival in lethal predation trials
We measured tadpole survival in the presence of a lethal (uncaged) predator following either short (3 h) or long-term 
At the end of the treatment period we transferred four tadpoles from each treatment tank to 10 l tanks containing dragonfly larvae and conducted lethal predation trials as described. Survivorship analyses were conducted using the software package JMP (SAS Institute Inc, Cary, NC, USA).
(h) Whole-body corticosterone analysis
We conducted steroid hormone extraction on whole tadpoles as described by Denver [42] and analysed whole-body CORT content by RIA as described by Licht and colleagues [43] . The anti-CORT serum was purchased from MP Biomedicals (Irvine, CA, USA). This antiserum is highly specific for CORT: crossreaction with the immediate precursor in the biosynthetic pathway 11-deoxycorticosterone was only 6.1 per cent; crossreaction with 18 other steroids or cholesterol was greater than 0.3% (MP Biomedicals). Samples from a single study were assayed in either a single RIA, or multiple RIAs conducted on the same day. Potency estimates from the RIA were corrected for recoveries, and inter-and intra-assay coefficients of variation calculated using a quality control standard averaged 13 and 10%, respectively. We observed some variation in baseline (control) CORT content in tadpoles across different experiments, which likely reflects variation in the developmental stage of animals used in each study, or perhaps exposure to different environmental factors that we could not control for in the experimental mesocosms; the important comparison here is the relative difference in CORT content among treatments within an experiment.
Results
(a) Relationship between baseline tadpole whole-body corticosterone content and predator density in natural ponds (b) Effect of non-lethal predator presence on tadpole whole-body corticosterone content
Tadpoles reared in mesocosms containing caged predators had significantly greater whole-body CORT content compared with no predator controls (t 9 ¼ 2.387, p ¼ 0.041; figure 2 ). Juvenile frogs exposed to predators as tadpoles also had significantly greater whole-body CORT content compared with no-predator controls (approx. twofold; F 1,38 ¼ 1.462, p ¼ 0.049). Confinement stress of juvenile frogs caused a significant increase in whole-body CORT content in controls, but not in animals that were exposed to predators as larvae (treatment x stress interaction; F 1,38 ¼ 4.882, p ¼ 0.034; figure 2 ). Body weight at metamorphosis was not different among treatments. (e) Effect of one week corticosterone treatment in vitro on tadpole tail explant weight
Treatment of tadpole tail explant cultures with two doses of CORT for one week caused significant increases in both wet and dry final tail weight (see the electronic supplementary material, table S1).
(f ) Effect of corticosterone or metyrapone on tadpole survival in lethal predation trials
Exposure to exogenous CORT altered tadpole survival probability, the direction of which was opposite depending on whether hormone exposure was short (3 h) or long (8 days).
After short-term exposure to CORT, tadpoles were more 
Discussion
Amphibian tadpoles display extensive phenotypic plasticity in anti-predator defences [19, 29, 37, 44] that have been shown to enhance fitness by increasing the probability of survival to metamorphosis [30] . While the induction of these defences and their evolutionary and ecological significance have been studied extensively (see [31] for review), the proximate mechanisms that underlie these changes are largely unknown. Moreover, because these responses are used with different lags to predator exposure, it is critical that we understand how these responses are mechanistically integrated and what trade-offs are implicated. Here, we show that tadpole anti-predator defences are controlled, in part, by a bimodal physiological stress response to predation. Tadpoles suppress behaviour and their neuroendocrine stress axis in the short-term: behavioural inhibition enhances survivorship by reducing exposure to predators, and this response is facilitated by suppression of the stress axis [19] . However, tadpoles increase stress hormonal activity over a longer time frame, which induces adaptive changes in tail and body morphology that enhance survivorship by facilitating escape behaviour, or providing a decoy (large tail) to deflect lethal predator attacks from the more vulnerable body [30, 31] . Rana sylvatica is an excellent system for investigating the mechanistic underpinnings of phenotypic plasticity to predators, because populations of this species inhabit a range of pond types and associated predation risks [35] and, therefore, tadpoles exhibit a high degree of both behavioural and morphological plasticity [6, 21] . Using a series of field surveys, and mesocosm and laboratory experiments, we found that exposure to predator chemical cue altered the activity of the tadpole's neuroendocrine stress axis as a function of exposure time. We confirmed that initial exposure of tadpoles to predator chemical cue causes suppression of whole-body CORT content; Fraker et al. [19] showed that this response is rapid (lower mean CORT by the earliest time measured (1 h), statistically significant by 2 h), dependent on the dose of predator chemical cue, and occurred in two amphibian species, R. sylvatica and R. clamitans. The rapid behavioural and physiological response to predation is induced by a chemical cue released from tadpole skin by active secretion (an alarm pheromone-biochemical purification of the predator chemical cue from tadpole skin showed that it composed of two distinct components that must be combined for biological activity; mass spectrometry identified a series of small peptides as candidate components of the alarm pheromone [19] ). Importantly, corticosteroids generally stimulate locomotion and foraging by amphibian tadpoles [45, 46] and, therefore, the predator-induced suppression of the tadpole stress axis is consistent with the reduction in activity usually reported in amphibian tadpoles exposed to predators [19, 37] . Furthermore, the behavioural inhibition can be reversed by treatment with CORT [19] . The behavioural response with the concomitant physiological response is clearly adaptive in reducing exposure to predators [47] . It is noteworthy that the suppression of the tadpole neuroendocrine stress axis differs from the response reported for many other vertebrate taxa exposed to predators or predator odours, where corticosteroid production tends to show rapid increases (i.e. in a classical fight or flight response; [48, 49] ). The optimal short-term response, however, may depend upon predator hunting mode [50] . In contrast, we found that long-term exposure of tadpoles to predators or predator chemical cue in both the field and mesocosm led to activation of the stress axis, producing chronically elevated whole-body CORT content. Activation of the stress axis of prey by exposure to predators or predator chemical cues has also been demonstrated in other vertebrate taxa (mammals [12] , birds [14, 18] reptiles [17] , and fish [51] ).
A large literature has documented that longer-term exposure to predators induces a range of morphological responses in tadpoles [47] . Because chronic predator exposure increased whole-body CORT, and prior work from our laboratory showed increased tail muscle depth in R. pipiens tadpoles following treatment with CORT [39, 41] , we hypothesized that the elevated CORT was causal for the induced anti-predator morphology. Here, we provide compelling evidence that the increased tail size in tadpoles chronically exposed to predator chemical cue is caused by direct actions of the stress hormone CORT on the tadpole tail. Tadpoles rspb.royalsocietypublishing.org Proc R Soc B 280: 20123075 exposed to exogenous CORT over a two-week period developed tail and body morphology similar to tadpoles exposed chronically to predator chemical cue [21] . Importantly, the corticosteroid synthesis inhibitor MTP blocked the predator chemical cue-induced morphology. We replicated the effect of CORT on tadpole tail size in tissue culture, thus showing that the action of the hormone is direct on the tail. Hossie et al. [52] reported that exposure to a predator increased body size of R. pipiens tadpoles, and that this could be blocked by treatment with MTP.
We also show that both short-and long-term responses to stress hormone action positively affect fitness. Countering the short-term suppression of the stress axis in predator presence by treatment with CORT decreased survivorship of tadpoles reared with lethal predators; this was likely due to the increased locomotory activity of tadpoles caused by CORT, which increased the likelihood of encountering a sit-and-wait predator such as the larval aeshnid. By contrast, longer-term treatment with CORT tended to increase survivorship, presumably due to the development of the anti-predator morphological responses. Relyea [53] has demonstrated that these morphological responses in Hyla versicolor tadpoles can develop in 4-8 days after exposure to cues of predator presence, which is within the time frame of our long-term exposure experiment.
Thus, we demonstrate adaptive aspects of temporal dynamics of stress hormone production and action in tadpoles. However, understanding this mechanistic link between the neuroendocrine stress response and predator-induced phenotypic plasticity in tadpoles exposes trade-offs not apparent from experiments simply documenting the relationship between environmental agents and the phenotypic response. For example, although activity reduction is a nearly universal response of animals to sit-and-wait predators [54] , a reduction in stress hormone production compatible with reduced activity is not viable in the long term as the animal enters a state of negative energy balance, and CORT is involved with mobilizing energy for survival [9, 10] . Earlier, we showed that low CORT is permissive for reduced locomotory activity and foraging [19] . The rise in CORT production following several days of predator exposure (and associated behavioural quiescence) may stimulate foraging while inducing morphology that reduces predation susceptibility. It is not clear if this transition results in a window of vulnerability; i.e. increasing locomotory activity before morphological development is possible. It is also possible that the stimulatory effects of CORT on locomotion become refractory over time, resulting in maintenance of behaviour quiescence over the long term. However, our results indicate that elevated CORT is required for development of the antipredator morphology, so the short-term suppression of CORT would be expected to delay this development.
Corticosteroids have complex effects on growth and metamorphosis of larval amphibians. For example, elevated CORT (e.g. owing to an endocrine stress response caused by pond drying) accelerates metamorphosis by synergizing with the metamorphic hormone, thyroid hormone [8] . Tadpoles must reach a threshold stage of development (midprometamorphosis) before their neuroendocrine system is sufficiently mature to respond to the environmental signal by accelerating development [8] . By contrast, elevated corticosteroids reduce tadpole growth at all developmental stages [8, 55] . Exposure to predators slows tadpole growth ( [31] ; and see §3), which may be due in part to the growth inhibitory actions of the elevated CORT. Therefore, while the development of anti-predator morphology in response to CORT can promote survival, it can incur costs such as reduced growth rate.
It is well documented that chronic stress responses in juvenile and adult vertebrates can have important costs and lasting effects on phenotype and fitness. In our mesocosm study, predator-exposed tadpoles metamorphosed into juveniles that retained a high baseline CORT content, and did not mount a stress response to a novel stressor. We do not know if the elevated CORT would have persisted as the animals matured, but earlier work from our laboratory [54] showed that exposure of early prometamorphic X. laevis tadpoles to elevated CORT led to long term, stable changes in physiology that included elevated baseline plasma CORT concentration and a blunted stress response. These changes in the neuroendocrine stress axis may have been mediated, at least in part, by an alteration in negative feedback by CORT on the hypothalamus and limbic system, because the glucocorticoid receptor was decreased in these brain areas in frogs exposed to CORT as tadpoles [55] .
Taken together, our findings suggest that there are a series of important and likely costly trade-offs involved with both the short-and long-term responses to predators mediated through the stress axis. Our results support that corticosteroids mediate the cost/benefit trade-off in the development of anti-predator morphology and growth rate, and hint at the time frame whereby these responses switch in tadpoles from immediate responses to predators to strategies more compatible with chronic exposure. Thus, the optimal timing of the transition from the short-term to chronic physiological responses, accounting for the costs associated with the different responses, is an important but conceptually underdeveloped area.
